Abstract-The Direct Drive Hand (DDHand) project is exploring an alternative design philosophy for grippers. The conventional approach is to prioritize clamping force, leading to high gear ratios, slow motion, and poor transmission of force/motion signals. Instead, the DDHand prioritizes transparency: we view the gripper as a signal transmission channel, and seek high-bandwidth, highfidelity transmission of force and motion signals in both directions. The resulting design has no gears and no springs, occupying a new quadrant in the servo gripper design space. This paper presents the direct drive gripper design philosophy, compares the performance of different design choices, describes our current design and implementation, and demonstrates a fly-by "smack and snatch" grasping motion to show the gripper's ability to safely detect and respond quickly to variations in the task environment.
I. INTRODUCTION
What are hands for? If your answer is that hands are for gripping a wide variety of objects, then you will choose a hand that looks like a vise, to provide a secure grasp over a wide range of object weight and disturbance forces. But a hand can be much more than that, so a better answer may be that hands are for interacting with the environment. While a vise imposes large forces on the environment, it does not react to changes in the environment or comply to avoid crushing a delicate object. The vise is strong, but not smart or interactive. In order for a hand to support a wide range of interactions with the environment, the mechanism must allow force and motion to pass between the robot and its environment with the least possible compromise: high bandwidth and high signalto-noise ratio in each direction. We adapt a term often used in teleoperation and human-robot interaction: "transparency" [18, 16, 25, 39] . It should feel like the mechanism coupling the agent to the task is completely transparent-not there at all.
Most robotic grippers achieve vise-like rigid clamping using a high gear-ratio worm screw or similar transmission. If sustained high clamping force is required, and if actuator torques are limited, a high gear ratio is unavoidable. But as actuator torques improve, lower gear ratios become viable, and gripper capabilities can be expanded to provide a class of interaction that supports a broader range of applications, including unstructured environments and human-robot interaction.
We illustrate the value of direct drive using the example behavior called "smack and snatch" (Fig. 1) . The goal is to quickly acquire an object at rest on a table. The table's height is not known precisely. The gripper smacks the table and snatches the object so quickly that the arm need not slow down at all. (A grasp called a "snatch" was demonstrated in [27] , using inertial forces to acquire an object without squeezing it). A traditional industrial robot and gripper would have to approach the table very slowly, detecting contact with a force/torque sensor, contact sensor, or by monitoring servo error to avoid crushing the finger into the surface.
The contributions of this work are
• An alternative perspective on gripper function, analysis, Fig. 1 : The DDHand executing the "smack and snatch" behavior. The manipulator is uncertain of the object pose and the table height. The arm accelerates the hand towards the object; fingers detect contact with the table then slide along the surface to locate the object; the arm simultaneously decelerates; the fingers grab the object while the arm accelerates upwards. The grasping maneuver is completed within one second, starting and ending at rest.
design, and behavior; • A corresponding analysis and comparison of different quadrants in gripper design space (Section III); • The DDHand-an example device embodying the principles of direct drive gripping (Section IV); • Demonstration of a DDHand capability for high-speed interaction with the task environment. (Section V) The paper concludes with some further discussion of implications, including the problems associated with reduced clamping force and how to mitigate those problems.
II. RELATED WORK
Compliance: Most robotic manipulators are intended to produce programmed motions accurately, regardless of the forces encountered. In short, they are stiff and obtain high joint torques by using high gear ratios. High gear ratios also lead to high reflected inertias. That means that the inertia perceived by an external observer would include the motor rotor inertia scaled by the gear ratio squared, which dominates the inertia of the arm structure by a considerable margin. That is all fine if the goal is to produce a programmed motion, regardless of forces encountered. It is a great approach for industrial robotics, where there is virtually no role for online intelligence. All the intelligence is offline, which in turn implies that the task environment must conform to offline expectations. Objects must be of predictable shape and in predictable locations, often referred to as "structured environments."
The limitations of the stiff programmed motion approach have long been recognized, and two approaches have been pursued to produce compliant motion: (1) active compliance using a force/torque sensor, as proposed in, e.g., [8, 51, 29, 35, 17] ; and (2) passive compliance between the actuators and the load. The passive compliant mechanism could take many forms, such as a spring [52, 33] , a differential [7, 11] , or a breakaway clutch [48] . One example is the RemoteCenter Compliance (RCC) [52] . Another approach, SeriesElastic Actuators (SEA) [33] , involves placing one or more springs directly in series with each actuator.
There is much to say about the merits and limitations of both approaches [53] , but the inescapable observation is that both approaches start with a compliant source, the electric motor, then add structure and control to make it stiff, and then add more structure and more control to make it compliant again. The alternative is both obvious and appealing: discard the complexity, weight and expense of all the additional stuff, and rely on the native compliance of the actuator: direct-drive.
Direct Drive Actuation: The appeal of direct-drive has been recognized for at least 30 years [3, 38, 12] but it was not practical at the time. Factory automation dominated the commercial applications, and motors lacked sufficient torque. As applications broaden to include unstructured environments and human interaction, and as actuator torque improves, directdrive is an inevitable addition to the available manipulation systems.
The earliest investigation of direct-drive actuation was the work of Takeo Kanade and Harry Asada [3] . Applications of direct-drive actuation in end-effector design were subsequently explored [26, 12, 38, 23, 10] but failed to pick up momentum due to lacking torque density in motors. There were products with direct-drive actuation in the 1980s but perhaps the first harbingers of substantial commercial application are now appearing, first in specialized applications [1] , and subsequently in general purpose manipulators [15, 14] . As motor technology has improved, the well-known advantages of direct-drive (and low gear ratios more generally) has led to a greater interest in the locomotion community [13, 42, 19, 24, 22] . In particular, [24] contains an overview of the advantages and disadvantages of direct-drive, applied to locomotion.
Hand design and control: There are two main lines of hand technology development: commercial and research. Commercial applications are dominated by pneumatic grippers, simple binary devices lacking the controllability and instrumentation required for reactive manipulation. Several commercial electrically actuated grippers are available, using high gear ratios to develop large clamping forces [31] . The other line of development is robotics research, which has focused on more complex hands. Although there is a long history of research in robotic hands [6] , direct-drive has not played a significant role. Supplementing gearboxes with series-elastic actuation and strain gauges have been popular actuation modes for robot effector design. Examples include the Ishikawa Hand [32] , the Yale Hand [28] and the recent Dynamic Observable Contact Hand [21] . A survey of robot hand designs can be found in [2] , and a discussion of actuation modes and transmissions can be found in [47] .
Transparency: We borrow and apply the term "transparency" throughout this paper. The term originated in teleoperation, where it means that the operator feels as if directly present in the task. Teleoperation researchers [18, 16, 25, 39] adopted models and analysis that transform the intuitive "feeling present" notion into conditions on the transmission of force and velocity between operator and task. The direct-drive hand adopts the same idea: that the conditions that provide the "feeling present" experience in teleoperation should also apply to couple the robotic end-effector to the controller. The key is effective bidirectional transmission of information carried by force and velocity signals
III. ANALYSIS OF DIRECT-DRIVE ACTUATION
The central hypothesis of this paper is that a favorable approach to robotic manipulation is to use more reactive interactions with the environment, instead of simply imposing forces unilaterally. In particular, we propose direct-drive actuation to achieve this. What are the properties of this actuation scheme that enable this improvement?
Simple models are generally useful for gathering an overview of the space of actuators [47] . We analyze one such simple model to study the advantages and disadvantage of each transmission type when considering the open-loop torque response.
General model of an actuator. This model is used to describe a continuum of actuator configurations varying from direct-drive to series-elastic with gearing.
A. Models of Actuator Transmission
Actuation schemes for servoed robotic grippers can be broadly divided into three categories:
• geared actuation with series-elastic elements;
• geared actuation with strain-gauges;
• direct drive actuation. The demarcation between these categories is blurry; they lie on a continuum as shown in Fig. 4 . For example, a strain gauge is essentially a stiffer series elastic element and an ideal direct drive can be approximated by a series-elastic actuation scheme with infinite spring stiffness and a unit gear ratio. To elucidate the inherent differences between these schemes, we use a general model of an actuator and transmission that includes each as a special case (Fig. 2 ). From this model, we examine the equations of motion, scaling of the reflected inertia, and the torque response of the different actuation schemes. Conclusions based on this model are discussed in Section III-B.
The model consists of three inertias, J m , J g , J l , corresponding to the motor, gearing, and linkage, respectively, a gear ratio N with efficiency η, and a spring stiffness k (which represents either the series-elastic element or the strain-gauge). The coordinates θ m , θ g , and θ l represent the angular position of the output of the motor, gearbox, and linkage, respectively. Finer details like modeling gear backlash are ignored for now to avoid unnecessary complexity. The equations of motion for this system are,
The term
indicates that the reflected inertia of the motor's rotor inertia after the gearbox is scaled by N 2 . Even if the inertia of the motor's rotor is small, with a high gear ratio the reflected inertia tends to be quite large. On the other hand, with a low gear ratio a larger motor may be required to achieve the desired force output, making the rotor inertia itself larger.
So how does the motor inertia scale with torque? There is some disagreement on this point. For a fixed motor, adding a gear ratio increases the torque by N but the inertia by N 2 . To get the same increase in torque by instead increasing the size of the motor, the inertia must increase by a factor between N and N 2 depending on what is held constant [44, 42, 43, 24] .
Empirically, the scaling law that is seen in data from motor manufacturers, as shown in Fig. 3 , lies somewhere in the middle. Whichever model is considered, the effect is still favorable when compared to the N 2 scaling that gearboxes impose, especially when the added inertia and reduced efficiency from gearbox itself is considered. That is, to achieve the same output torque, choosing a larger motor results in a lower reflected inertia than adding a gearbox.
B. Implications of Direct Drive
Based on this simple model of actuator transmission, there are several important implications of direct-drive actuation for hand design: transparency, force bandwidth, and speed. This is in addition to the mechanical simplicity that comes from eliminating the gearbox.
A low reflected inertia implies that the actuator is more transparent. That is, when a finger impacts something the loss in energy due to the motor decelerating is not as high. Equivalently, the impact does not impart as large an impulse on whatever the finger has impacted, allowing for a lighter touch.
With lower reflected inertia the finger can accelerate and decelerate faster, allowing for higher bandwidth force, velocity, or position control. Similarly, thinking of the actuator as a sensor, the input bandwidth is also higher as the world can more easily accelerate the lower inertia. Thus, the robot can feel what it is touching faster, and without the compounding issues of low-efficiency and backlash in the transmission. In some cases, the gearbox may not be back-drivable at all, precluding any sensing of the world at the motor.
The notion of force bandwidth is important for manipulation, and warrants a more precise definition. Reaction time of the hand to external disturbances is determined by the speed with which a force can be sensed and servoed. The choice of stiffness in the mechanism affects this bandwidth. The transfer function from motor torque to load acceleration (assuming zero load torque) is identical to the transfer function from the load torque to motor acceleration (assuming no applied motor torque). It is Open-loop torque response of a simulated actuator with a locked output to a square wave. The yellow inset plots are zoomed in to show the response to a single step. In particular, note the faster rise time as stiffness is increased and the reduced overshoot as gear ratio is reduced. The force bandwidth, the speed at which force can be sensed and servoed, is highest with the direct drive actuation scheme.
given by,
This system resembles a mass-spring system m eẍ +k e x = F with effective mass m e = (J m N 2 +J g )J l and effective stiffness k e = k(J m N 2 + J g + J l ). The transfer function for this system is given by 1/(m e s 2 + k e ). The natural open-loop frequency ω is given by
The natural frequency is proportional to √ k (where k is the spring stiffness); so the higher the stiffness, the higher the bandwidth. Additionally, reducing the reflected and gearbox inertias (J m N 2 + J g ) also increases the bandwidth. To evaluate the improvement in force bandwidth, in Fig. 4 we show simulation results of a higher-fidelity model. This model includes the effects of backlash and structural damping. The geared simulation is based on the Maxon EC-20 flat motor (serial number 241916) and a N =60:1 gearbox. For the direct drive simulations, we scale the torque of the motor by N and the inertia of the motor by N 1.5 to keep the torque output of both configurations comparable. An experimental comparison of these actuator schemes can be found in [20] .
With this model we test the effect of stiffness and gear ratio on the open-loop torque response of the actuator to a square wave in a locked output state. Moving from unit gearing to a ratio of 60, the overshoot increases due to the increased reflected inertia. Increasing stiffness from 40 N m rad −1 to 1000 N m rad −1 improves the rise time of the system due to the reduced delay required to compress the spring.
Higher speed is another byproduct of direct drive actuation which is well motivated by industry's need for faster cycle times. As the gear ratio moves towards unity, it unlocks access to higher speed ranges. Even if the motors are designed to work at a fixed speed, a direct-drive architecture allows the finger to move much faster than in a geared setting. Higher bandwidth, in addition to higher top speed, means that the hand can more quickly change the applied torque. This higher speed is, of course, a direct trade-off with peak stall torque for a given motor with different gearing.
Finally, the issue of mechanical simplicity is not addressed by this simple model. Beyond the additional mass and losses due to inefficiencies, gearboxes and springs tend to involve multiple moving parts that wear, deform, and can break. Eliminating these components simplifies the design and eliminates possible points of failure. Gearboxes do not add any power but take up space and add mass, and so the overall actuator power per unit volume or mass is improved by eliminating them (note that torque density may be higher or lower as a larger motor is needed.)
IV. DESIGN OF THE DDHAND
The design of the Direct-Drive Hand is shown in Fig. 5 . The finger modules, inspired by the Minitaur [24] and other robots [23, 10] , feature a parallel 5-bar linkage connected to two brushless gimbal motors. Finger modules can be arranged into parallel and spherical hand designs to support a variety of tasks. A two finger parallel configuration is presented here.
The linkage design allows the finger to squeeze with twice the force that one motor can produce and reduces the torque requirement on the motors. Placing both motors at the base of the finger ensures that the linkage inertia is low and the fingers can be accelerated or decelerated quickly.
Each finger module has two T-Motor GB54-2 brushless DC (BLDC) gimbal motors [45] . A continuous torque of 0.3N m (at 24V) per motor has been experimentally verified. With a finger length of 10cm, the DDHand can produce a force of 6N at the fingertips. We chose gimbal motors for three reasons: (1) The are low cost and easily available due to the boom in DIY hobby drones; (2) gimbal motors are wound for high voltage, low current applications (producing less heat and enabling the use of smaller MOSFETs); and (3) they are designed for gimbals which are mostly operated at close to zero speed. The low speed is suitable for manipulation as it is rather unlikely that these motors will be required to spin at speeds higher than 500rpm.
Each finger module is controlled by a custom BLDC motor driver developed in the lab. The drivers are based on the InstaSPIN Field-Oriented Control (FOC) technology from Texas Instruments [46] using two F28069M launchpad and four BOOST-XL DRV8301 booster packs. Each controller module has two three-phase drivers which can output a continuous current of 10A on each driver. Position feedback is achieved with an on-axis magnetic encoder from RLS, which, along with a diametrically polarized magnet, provides 12-bit absolute position sensing. These boards are powered with 24V and communications are handled by a micro-controller on each driver via Controller Area Networking (CAN) bus at 1kHz. The CAN bus can support up to three finger modules at this frequency. The communication rate will suffer on the addition of more finger modules. In future iterations, the control electronics will be integrated into the chassis of the DDHand.
A Proportional-Derivative scheme is used for position control of each motor. The output current is tracked by a FOC loop. Both controllers take the filtered encoder position and velocity as feedback. The hardware interfaces with a computer running Robot Operating System (ROS) and is compatible with ROS Control [34] . This gives us the ability to run realtime controllers alongside ROS on the same computer. This enables quick deployment of planners and controllers as well as real-time controller switching and gain scheduling. For the experiments in this paper, we are only using this component for trajectory tracking with interpolation.
The linkage plays an important role in enhancing the capability of this hand, though a study on the design is outside the scope of this paper. The linkage used in the current design is empirically chosen to allow parallel grasps of large and small objects and some variability in the finger angle to enable pinch grasps. See [24, 4] for a discussion of linkage designs.
The mechanical simplicity of this robot hand shows in its bill of materials. The prototype hand has a parts cost of under $1000 in single quantity. This compares favorably with existing grippers as there is no gearbox or series spring to purchase. 
V. EXPERIMENTS A. Step Response
To demonstrate the enhances in speed and bandwidth of the DDHand, an step input of 80mm is commanded in the parallel grasp mode to the finger modules (Fig. 6) . The position and velocity of both motors in one finger module is shown. The motors have a communication delay of approximately 0.05s and a rise time of 0.03s. A steady-state error is seen due to the lack of an integral gain on the motors. This choice was intentionally made to more accurately model the motors as a spring-damper system. Due to the low reflected inertia, the DDHand can achieve high bandwidth control for dynamic manipulation. A conservative estimate for the bandwidth of the system can be obtained from the rise time [30] as, With this relation, the bandwidth of the hand is estimated at 12Hz. In comparison, the Schunk gripper WSG50 [41] has a stroke length of 55mm, with a maximum speed of 420mm s
and a maximum acceleration of 5000mm s −2 . This means the Schunk gripper takes 0.17s to cover 35mm at max acceleration. Using the above relation, the bandwidth estimated for the Schunk gripper is approximately 2Hz.
B. Transparency and Variable Impedance
If a robot gripper has to interact with an fragile or unstably balanced object like an empty bottle there is a danger that the object will be broken or toppled. This is because there is no way to manage the impulse imparted by the high reflected inertia of the motor rotors through the gearbox. Even if a spring is used, it is generally preferred to use a spring with higher stiffness to preserve the quality of position controller and apply high grasping forces. In contrast, the low reflected inertia of the DDHand mitigates this impulse mechanically. Fig. 7 shows frames from such a contact with a book standing on its edge. When the robot approaches the book with a stiff position controller, unsurprisingly, the book topples. However, if the robot turns off the motors (zero commanded stiffness) the fingers can comply to the book maintaining its vertical state. The transparency also allows for variable impedance control. Varying the PD gains allows us to control the stiffness and damping of the fingers.
C. Smack and Snatch
To begin this task, the robot arm approaches a small object on a table at high speed. The position of the object and height of the table are not known exactly. The fingers make contact with the table first, but their low mass and low reflected inertia ensures that the impulse is low and the hand does not get damaged. When the hand detects the contact the arm's motion can be altered by an upward acceleration that slows and eventually reverses the approach. While the arm is still in motion, the fingertips can track the table surface as they close, and continue to monitor force to detect contact with the object. The behavior is implemented with an ABB IRB120 robot and the DDHand. The dynamic nature of this behavior requires the control and execution of trajectories on the hand and the arm to be tightly coupled. To achieve the tight timing requirements, the arm is controlled via its Externally Guided Motion (EGM) interface with a communication rate of 250Hz with a 25ms latency. The latency combined with the finite deceleration of the arm require the fingers to be able to absorb the impact forces. During this deceleration, the arm travels approximately 13mm. This travel is absorbed by the fingers. Post-impact, a manually coded trajectory is executed on the hand with maximum torque limits to execute the snatch phase of the grasp.
A stop motion image sequence is shown in Fig. 1 . The behavior is designed to be agnostic to the height of the object. The results from executions at different table heights is shown in Fig. 8 .
The smack and snatch behavior was repeated fifty times to get a preliminary estimate of robustness. All fifty trials is included in the video attachment accompanying this paper. A trial was labeled successful when the block transitioned from its initial state to a stable pinch grasp in the hand. The final pose of the block is ignored and can lie in one of two configurations as shown in Fig. 9 . Out of fifty attempts, the behavior was successful forty-three times and failed to grasp the block seven times (success rate of 86%.) The failures may be attributed to two factors: 1) On compression of the fingers in the approach phase, a part of the energy is transferred to the table as spring potential energy. This energy, when released, causes an upward velocity of the block making the grasp unstable. 2) If the object is not centered within the fingers, the momentum of the finger that touches the object first is partially transferred to the block. This causes the block to bounce around between the fingers. These failure modes are equally likely. Out of seven, four failures are due to the first mode and three failures to the second.
VI. DISCUSSION
With the DDHand, we are exploring an underexploited space in hand design. The DDHand aims to improve the transmission of information between the robot and the task. With the deletion of the gearbox and the series spring, the DDHand gains bandwidth, speed, and transparency.
These capabilities are well demonstrated by the smack and snatch task which is hard to realize with conventional grippers. Consider, for example, the Schunk gripper [41] and the Robotiq gripper [36] as examples of geared grippers with strain-gauges and series-elastic actuation, respectively. The Schunk gripper will fail to execute this behavior at the approach phase as it lacks the ability to manage the impulse imparted during collision with the table leading to damage to the fingers or strain-gauge depending on their relative strength. For the Robotiq gripper, the lower stiffness of the passive compliance can manage imparted impulse during the approach phase but the high gear ratio will prevent the fingers to close around the object fast enough to snatch it.
There is still scope to improve the robustness of the smack and snatch grasping behavior with the DDHand. The first of the two failure modes discussed in Section V-C can be resolved by ensuring the table surface is not compliant and prevent the energy transfer to the block or reducing the stiffness of the fingers post-impact. The second failure mode is due to uncertainty of the 2D pose of the block on the table. Better state estimation can lessen the presence of this mode. Integrating intrinsic sensing is also desirable. The fingers can monitor the motor torques during the snatch phase and decelerate the finger that makes contact with the block first.
In this paper, we have discussed the benefits of direct drive actuation for robot hands. It is however essential to address the possible loss of torque that comes with this approach and how to mitigate it. We envision three ways:
Thermal Management: When humans try to pick up something heavier than what we are used to, we either sweat to manage the heat and if that is not enough, we put the thing down briefly. Motors, too, can be driven over their nominal operating limits as long as the temperatures are managed intelligently. This can be done either through active or passive cooling (for example, blowing air over the motors), as in [5, 50] , or by intelligent controllers that sense the motor state and take breaks to prevent permanent motor damage, as in [13, 37, 49] .
Kinematic Singularities: Another strategy humans employ when carrying heavy things is the use of singularities. For example, while carrying a bag of groceries we tend to lock out our arm straight down to let the structure take most of the weight.
The kinematics of the DDHand finger linkages are nonlinear, and so characteristics such as compliance and force limits vary with operating point (i.e. with the choice of hand pose and grasp configuration). By choosing a hand pose it is possible to put the fingers at singularities or at travel limits to provide high forces, or the opposite to provide high compliance [9] .
Directional Rigidity: Conventional manipulators try to be stiff in all directions. Isotropic behavior is an explicit design objective of some grippers, for example Salisbury's milestone design [40] . The conventional approach is essentially a know-nothing approach, reducing the required planning and control intelligence, but also reducing the variety of mechanical intelligence available. Further, universal isotropic stiffness leads to stiff and heavy hands. The DDHand adopts the opposite approach: deliberately anisotropic stiffness. It is rigid in some directions and compliant in others. Specifically, the two degree of freedom fingers are constrained to be planar and can maintain rigidity in the out-of-plane directions (by pushing against the structure and bearings). By intelligently planning grasp and transfer motions, we can achieve lower peak gripping forces.
With these strategies the reduced torque of direct drive can be mitigated, while still maintaining the transparency, force bandwidth, and speed. Grippers like the DDHand can open up new capabilities and behaviors that allow a robot to naturally react to the environment instead of imposing its will on it.
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